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We present a brief overview of the ongoing searches for the axion particle via its coupling to
photons. Both the classical QCD axions and more recently proposed Axion-Like-Particles are con-
sidered. Astrophysical bounds on the axion-photon coupling come from considerations of stellar
energy loss during Helium burning, in both low- and high-mass stars. Helioscopes look for back-
conversion of solar axions into x-ray photons in strong laboratory magnetic fields. Finally, haloscopes
aim to detect dark matter axions in our galactic halo. Both types of searches are expecting sig-
nificant advances in the future, which will enable them to probe large, well-motivated parts of the
parameter space below the stellar cooling bounds.
I. INTRODUCTION
The experimental and theoretical investigation of the
low energy frontier of particle physics [1] has progressed
considerably in the last years and new experimental pro-
posals aim at probing large regions of the unexplored pa-
rameter space for WISPs (Weakly Interacting Slim Par-
ticles) [2].
A particularly compelling case of a WISP is the ax-
ion [3, 4], a light pseudoscalar particle predicted by the
most widely accepted solution of the strong CP prob-
lem [5, 6] and the most prominent non-WIMP (Weakly
Interacting Massive Particle) dark matter candidate [7–
9].
Axions are coupled to photons through the dimension
5 operator
L = −gaγ
4
aF F˜ = gaγ aE ·B (1)
and have mass
(ma/1 eV) = 0.5 ξ g10 , (2)
where g10 = gaγ/(10
−10GeV−1) and, in many motivated
axion models, the dimensionless coefficient ξ is of order 1.
For example, for the well-known KSVZ [10, 11] and DFSZ
[12, 13] scenarios we have |ξ| ' 0.5 and 1.4 respectively.
Light pseudoscalar particles, weakly coupled to pho-
tons as in (1), emerge naturally in various extensions of
the Standard Model (for recent reviews see [1, 2, 14]).
In recent years, a considerable attention was devoted to
the so-called Axion-Like-Particles (ALPs), which couple
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to photons as in Eq. (1) but do not satisfy the mass-
coupling relation (2).
A series of unexplained astrophysical observations may
provide additional motivation. Among these observa-
tions are the seeming transparency of the universe to very
high energy gamma rays, the observed ratio of the blue
to red Helium burning massive stars, the larger than ex-
pected white dwarf cooling rates, and the quest for dark
matter candidates.
The first of these problems concerns the propagation of
high-energy gamma rays (100 GeV or more) in the galac-
tic and extragalactic medium [15, 16]. In the standard
model, these gamma rays should be damped by pair pro-
duction on the background light, yet observations seem
to indicate the that universe is more transparent to these
photons than expected. Photon-pseudoscalar oscillations
(in the extragalactic magnetic field) would provide an el-
egant solution to this transparency problem. This mech-
anism requires a coupling in the range 0.1 . g10 . 1 and
a mass well below the value predicted by Eq. (2), point-
ing, therefore, toward more general axion-like particles
rather than the QCD axions [17, 18].
Another possible astrophysical hint comes from the ob-
servations of the numbers of blue versus red supergiants.
It has been reported that there are fewer blue stars than
predicted by stellar evolution models (see [19] and refer-
ences therein). These blue stars appear also to be less
blue than expected. To properly gauge the significance
of this effect, a more complete analysis of stellar models
is required, but it is intriguing that an axion (or ALP)
with a coupling to photons in the same range as required
by the transparency problem would alleviate both issues.
It should also be mentioned that this parameter range
can be explored by the next generation axion helioscopes
(see sec. III B).
The existence of WISPs is also hinted at by the anal-
ysis of the white dwarf luminosity function and the re-
cently measured decrease of the pulsation period of ZZ-
Ceti G117-B15A [14, 20]. Observations seem to indi-
cate an anomalously large cooling rate, which can be ex-
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2plained by the emission of axions or ALPs produced by
electron bremsstrahlung in the stellar interior [21, 22].
For a standard axion, the required axion-electron inter-
action strength would also imply an axion-photon cou-
pling, however in a range about an order of magnitude
lower than what indicated by the previous problems.
Last, but certainly not least, the axion provides an ex-
cellent dark matter candidate. This possibility has been
actively studied for three decades. In fact, the recent
analysis of the galactic angular momentum distribution
seems to indicate a preference of axions over WIMPs as
cold dark matter (CDM) candidates and that axions are
likely to be at least a component of the total dark matter
in the galaxy [23]. The searches for axions in our galactic
halo are summarized in sec. IV below.
Apart from hints, astrophysical considerations have
provided strong limits on the allowed range of the axion-
photon coupling. It is well-known [24] that accurate
counts of the Horizontal Branch (HB) stars provide a
powerful constraint, g10 . 1 [25]. Moreover, as has been
recently noticed, the analysis of the evolution of massive
stars has led to the bound g10 ≤ 0.8 [26]. The bound
is based on the fact that Cepheid variable stars exist, as
described below in sec. II B.
Several experiments are currently involved in the ax-
ion/ALP search. Here, we focus on three experiments in
particular which are probing regions of the axion-photon
coupling in the mass range ma < a few eV: the CERN
Axion Solar Telescope (CAST), based at CERN (see
sec. III A), the Axion Dark Matter eXperiment (ADMX),
based at the U. of Washington (see sec. IV A), and
the newly funded Axion Dark Matter eXperiment High-
Frequency (ADMX-HF) (see sec. IV B), based at Yale U.
The last two experiments are searching for dark matter
axions in the galactic halo while the first is an example
of axion helioscope and it is looking for axions from the
Sun.
Recently there has been a proposal for a next genera-
tion axion helioscope, the International Axion Observa-
tory (IAXO) (see sec. III B), with the potential of explor-
ing a large range of the axion-photon coupling, more than
an order of magnitude below the current CAST bound in
gaγ . In addition, IAXO will partly probe axion and ALP
CDM parameter region.
All these experiments involve the conversion of axions
into photons in an external magnetic field [27]. A no-
torious difficulty of this technique is the fact that the
conversion probability of axions into photons in an ex-
ternal magnetic field is strongly dependent on the axion
mass and this makes it harder to probe large regions of
the coupling-mass parameter space. This was a major
motivation for CAST’s 4He/3He phases as well as for
ADMX-HF to push on the mass in addition to the cou-
pling front.
The effort of studying the axion-photon coupling is
supported in the United States by grants from the
National Science Foundation (NSF) and the Depart-
ment of Energy’s Office of Science (DOE/SC) that sup-
port ADMX (DOE/SC) and ADMX-HF. Laboratory Di-
rected Research and Development (LDRD) programs at
Lawrence Livermore National Laboratory (LLNL) and
Los Alamos National Laboratory (LANL) have sup-
ported work in CAST (LLNL) and in phenomenological
analyses (LANL).
In this report, as a contribution to the Snowmass Cos-
mic Frontier planning process, we present a summary and
perspective on the experimental and astrophysical prob-
ing of the axion-photon couping. In particular, in sec-
tion II we will discuss the new phenomenological bound
from the analysis of the evolution of massive stars; in
section III the status of the axion helioscope experiment
CAST and the perspective on the new IAXO proposal;
and in section IV the axion dark matter experiments
ADMX and ADMX-HF. In the conclusion, we will sum-
marize the possible perspectives in this field and discuss
possible motivations for this effort.
II. BOUNDS FROM STELLAR EVOLUTION
Stars are efficient laboratories to study the properties
of light, weakly interacting particles, more specifically,
particles that are light enough to be easily thermally
produced in the stellar core and have a sufficiently large
mean free path in the stellar matter to easily escape.
For stars in the early evolutionary stages, where obser-
vations are abundant, a particle is light if its mass does
not exceed a few keV (for main sequence stars) to tens of
keV (for red giants and He-burning stars). These values
of the mass are actually fairly high by the standards of
terrestrial experiments. In certain regions of the parame-
ter space, stellar constraints dominate over the terrestrial
bounds by several orders of magnitude (see the following
sections).
Stars in later evolutionary stages (C-burning and be-
yond) have higher core temperatures but the observations
in these cases are less accurate and effective bounds are
rarer (see, however, [28]).
Observations require that the energy drain be not too
different from the Standard Model (SM) predictions [29].
Therefore, a novel process has a chance to be constrained
by stellar evolutionary arguments if it contributes to the
energy loss rate in an amount similar to the predictions
of the standard model.
Light axions or ALPs coupled to photons as in (1)
would be produced in the stellar core through the Pri-
makoff process [30], that is by converting thermal pho-
tons into axions in the plasma electromagnetic field [31–
33]. The production rate in a nondegenerate plasma is a
well established result [29, 33]
A = Z(ξ
2)
g2aγ
4pi2
T 7
ρ
' 28 erg
g · sZ(ξ
2)g210T
7
8 ρ
−1
4 , (3)
where ρ4 ≡ ρ/(104 g/cm3), T8 ≡ T/108K and Z(ξ2) is
a function of ξ2 ≡ (κS/2T )2, with κS being the Debye-
3Huckel screening wavenumber. Z(ξ2) is given as an inte-
gral over the photon distribution (see Eq. (4.79) in [34])
and is generally O(1) for relevant stellar conditions. An
accurate analytical approximation of Z(ξ2) can be found
in [26].
A comparison of the emission rate with the standard
energy loss allows to define the density and temperature
conditions in which axion cooling would be most relevant.
This region corresponds to moderately high temperatures
(T ∼ 1 − 2 × 108 K) and relatively low densities (ρ =
103 − 104 g · cm−3), typical of the core of He-burning
stars.
It is, in fact, from the phenomenology of stars in the
He-burning phase that the best constraints on gaγ are
derived, as we discuss below.
A. Low mass stars
A restrictive constraint on g10 arises from low-mass,
M ∼ 1M, Horizontal Branch (HB) stars in globular
clusters [25]. A recent review of this bound can be found
in section 3.4.1 of [35].
These stars have He-burning core of density ρ ' 104 g ·
cm−3 and temperature T ' 108 K. The main effect of the
axion production in such stars would be the reduction of
the helium burning lifetime. This would have the observ-
able consequence of reducing the number of HB versus
red giant (the stage that precedes the He burning phase)
stars in globular clusters.
A numerical simulation of the evolution of a 1.3 M
star of solar metallicity [25] showed that a value of g10 = 1
causes a reduction of the He-burning time by about 30%,
a value considered observationally forbidden (cf. [35], sec-
tion 3.4.1).
The bound g10 < 1, shown in Figure 3 below, ex-
tends up to 30 keV or so in the ALP mass [29] and is
strongly suppressed at higher masses (well beyond the
region shown in the figure).
B. Massive stars
A somewhat stronger bound can be derived by the
analysis of the evolution of massive stars [26]. These
stars, while burning helium in their core, evolve into a
stage called the blue loop during which they contract and
expand again. In the Hertzsprung-Russell (HR) diagram,
this appears as a loop which extends toward the left, (see
Figure 1), in the region of higher surface temperature
(blue) before turning back in the colder (red) region on
the right side of the diagram.
Recent stellar modeling efforts showed that the ad-
ditional cooling induced by axions coupled to photons
would eliminate this evolutionary stage for stars of mass
between 8 and 12 M, unless g10 < 0.8 [26]. This is the
strongest bound to date on the ALP-photon cooling for
masses below a few 10 keV [36].
FIG. 1: Evolution in the HR diagram of a 9.5 M star. The
region between the two dashed lines is the instability strip,
where the Cepheid variables are found.
FIG. 2: Impact of gaγ on the evolution of a 9.5 M star
through the He burning stage. Shown is the evolution of the
surface temperature, for the cases g10 = 0, g10 = 0.6, and
g10 = 0.8. Axion losses speed up He burning, resulting in the
shortening and eventual elimination of the blue loop stage.
Interestingly, in this case the main observational effect
of the nonstandard cooling is not the reduction of the He-
burning lifetime but the disappearance of an evolutionary
stage. This provides, therefore, a qualitative change in
the stellar evolution. The existence of the loop is corrob-
orated by many astronomical observations. In particular,
this stage is essential to account for the observed Cepheid
stars (see, e.g., [37]). The complete disappearance of the
blue loop stage, even for a small range of luminosities
(stellar masses), is observationally forbidden.
Lower values of gaγ would reduce the time a star spends
in the blue loop stage, as shown in Fig. 2 and, conse-
quently, the number of blue versus red stars of a given
luminosity. An accurate observational analysis (see, e.g.,
[19] for a recent discussion on the status of the obser-
vations) could, therefore, potentially provide a more re-
strictive bound. Conversely, a persisting disagreement
between the observations of the blue helium burning stars
and stellar models, as mentioned in the introduction,
could indicate the presence of the axion.
4III. HELIOSCOPES
As discussed above, thermal production of axions is
expected to take place in the interiors of stars. Via the
Primakoff effect, blackbody photons in the solar core can
be converted into axions due to the presence of the strong
electromagnetic fields in the plasma. These extraordi-
narily weakly coupled particles then escape the Sun and
stream largely undisturbed to Earth, where experiments
can make use of the inverse Primakoff effect in order to
backconvert them into x-ray photons inside a powerful
transverse magnetic field [27, 38, 39].
The axion-photon conversion probability in a magnetic
field filled with a buffer gas is given as
Pa→γ =
(
Bgaγ
2
)2
1 + e−ΓL − 2e−ΓL/2 cos(qL)
q2 + Γ2/4
(4)
where where B and L are the magnetic field strength and
length, respectively, Γ is the inverse photon absorption
length in the buffer gas, and the axion-photon momen-
tum transfer is q =
∣∣m2a −m2γ∣∣ /2E.
In order to search for solar axions with high sensitivity
such an experiment, dubbed an axion helioscope, needs to
be composed of a powerful magnet of large volume along
with low-background, high-efficiency x-ray detectors cou-
pled to the end of the magnetic field region. X-ray optics
can be used to enhance the discovery potential of a he-
lioscope by focusing the potential signal from axion con-
version and hence reducing detector size and ultimately
background levels. Ideally, the magnet is equipped with
a precise azimuth and horizontal drive to maximize the
exposure time of the experiment by keeping it aligned
with the solar core for the longest time possible.
A. The CERN Axion Solar Telescope: CAST
The first axion helioscope operated at Brookhaven Na-
tional Laboratory in 1992 using a static dipole magnet
[40], while a second-generation experiment, the Tokyo
Axion Helioscope, carried on with the quest employing
a more powerful magnet (4 T) and dynamic tracking
of the Sun [41–43]. The CERN Axion Solar Telescope
(CAST), a helioscope of the third generation and the
most sensitive solar axion search to date, began data
collection in 2003 [44]. It employs an LHC dipole test
magnet of 10 m length and 10 T field strength with an
elaborate elevation and azimuth drive to track the Sun.
CAST is the first solar axion search exploiting x-ray op-
tics to improve the signal to background ratio (a fac-
tor of 150 in the case of CAST [45]). No signal above
background was observed, but CAST set an upper limit
of gaγ < 8.8 × 10−11 GeV−1 for ma < 0.02 eV (vac-
uum phase,[46, 47]), and a slightly larger value of gaγ for
higher axion masses (4He/3He phase, [48–50]), explor-
ing previously untested axion model space and probing
the KSVZ model for the first time at the upper end of
the mass range. Recently, CAST has also established the
first helioscope limits for non-hadronic axion models [51].
Currently, the experiment is refining its search by revis-
iting its 4He and vacuum phase with enhanced detectors
and improved sensitivity to extend testing of the KSVZ
model as well as ALP motivated parameter regions.
B. Future Prospects of Solar Axion Searches:
IAXO
To date, all axion helioscopes have used “recycled”
magnets built for other purposes and each subsequent
generation of axion helioscopes has resulted in an im-
provement in sensitivity to the axion-photon coupling
constant gaγ of about a factor 6 over its predecessors.
A larger and more sensitive, 4th generation helioscope,
the International Axion Observatory (IAXO, [52]), has
recently been proposed. Significant conceptual design
work has been completed and a Letter of Intent solicited
by CERN was submitted [53]. IAXO’s improved sensitiv-
ity relies on a purpose-built large-scale magnet, efficient
x-ray focusing optics and low-background detectors and
aims to push the existing CAST sensitivity towards lower
couplings over a large range of axion masses.
The primary physics goal for IAXO is to search for ax-
ions or ALPs produced in the Sun via Primakoff conver-
sion of solar plasma photons and to substantially improve
on all previous solar searches. IAXO will have about 4−5
orders of magnitude better sensitivity in terms of signal-
to-background ratio than CAST translating into a factor
of ≈ 20 in terms of the axion-to-photon coupling con-
stant gaγ . This will allow the instrument to reach the
gaγ-regime of a few ×10−12 GeV−1 for a wide range of
axion masses up to about 0.25 eV. IAXO will therefore
enter into completely unexplored axion and ALP param-
eter space. Needless to say that the discovery of a new
pseudoscalar would be a groundbreaking result for parti-
cle physics, but even in case of non-detection, IAXO will
be able to exclude a large region of the unexplored QCD
axion parameter space.
More specifically, the experiment would be able to ex-
plore a broad range of realistic QCD axion models at high
mass end of the parameter region. Its sensitivity would
cover theoretically favored model space with masses down
to a few meV, superseding the SN 1987A energy loss lim-
its (ma < 16 meV for hadronic axions) and probing the
axion hint from anomalous white dwarf cooling. Axion
models in this region and below are of high cosmologi-
cal interest as favored dark matter candidates and they
could compose all or part of the cold dark matter of the
Universe. In non-standard cosmological scenarios, more
generic ALP frameworks [54] or mixed axion-WIMP DM
scenarios [55], the range of axion and ALP parameters
of interest as CDM is enlarged and most of the region at
reach for IAXO contains possible dark matter candidates.
At much lower masses, below ≈ 10−7 eV, the region ex-
plorable by IAXO includes ALP parameters invoked re-
5peatedly to explain anomalies in light propagation over
astronomical distances [15–18]. With IAXO a definitive
test of this hypothesis would be provided.
Additional physics cases for IAXO include the pos-
sibility of detecting more specific models of axions or
ALPs from the Sun. Most noteworthy is the pos-
sibility to detect the flux of solar axions produced
by axion-electron coupling gae induced phenomena, in-
cluding bremsstrahlung, Compton scattering, and axio-
recombination. Although the existence of these produc-
tion channels for standard axions is model-dependent,
axions with a gae of few ≈ 10−13 have been invoked to
solve the anomalous cooling observed in white dwarfs.
Similarly IAXO will be sensitive to models of other pro-
posed particles like hidden photons or chameleons [56],
scalars with an environment-dependent mass proposed in
the context of dark energy models. The possibility of di-
rectly testing the particle physics nature of dark energy
is an exciting prospect, even though this is still at an
early stage of theoretical development.
Further potential experimental programs for IAXO
may include a search for axionic dark radiation [57], the
realization of microwave LSW experiments among dif-
ferent bores of the IAXO magnet [58], and the direct
detection of relic CDM axions [59] or ALPs using mi-
crowave cavities or antennas in different configurations
within the IAXO magnet. While the physics potential of
all these options is currently under study, they certainly
offer IAXO the opportunity to grow into a versatile, first-
class multi-purpose facility for axion research.
IV. DARK MATTER HALOSCOPES
The first tractable experiment to find light dark matter
axions in the µeV mass range was suggested by Sikivie in
1983 [27]. It relies on the Primakoff effect where the ax-
ion converts it’s rest mass into a detectable photon in the
presence of a static magnetic field. By placing a resonant
microwave cavity in the bore of a strong solenoid magnet
the axion production rate can be greatly enhanced when
the resonant frequency of the cavity matches the mass
of the axion. These converted photons can then be dis-
tinguished from background by using ultrasensitive cryo-
genic microwave detectors. The power generated in the
haloscope when the axion mass is on resonance goes as:
Pa = g
2
aγV B
2
0Cmnl
(
ρa
ma
)
min(QL, Qa). (5)
Here V is the volume of the cavity, B0 is the magnetic
field, ρa is the local dark matter axion mass density, ma
is the axion mass, QL is the loaded quality factor of the
cavity, Qa ≈ 106 is the axion quality factor (ratio of
axion energy over the energy spread), and Cmnl is a mode
dependent form factor given by
Cmnl =
| ∫
V
d3x~Eω · ~B0|2
B20V
∫
V
d3x| ~Eω|2
(6)
where ~B0 is the static magnetic field, ~Eω is the oscillating
electric field of the cavity mode, and  is the dielectric
constant [38]. For an empty cylindrical cavity in a ho-
mogenous magnetic field the largest form factor applies to
the TM010 mode with C010 ∼ 0.69. Higher TM0n0 modes
have much smaller form factors and the remaining TM
modes (along with the TE and TEM modes) integrate
to form factors of 0. Since the axion mass is unknown
the cavity is tuned over a large range of frequencies dur-
ing a search. This is accomplished by moving dielectric
or metallic tuning rods inside the cavity. The speed in
which a mass range can be scanned for axions at a given
signal-to-noise ratio (SNR), or to exclude them at a par-
ticular confidence level, is guided by the Dicke radiometer
equation:
SNR =
Pa
PN
√
Bt =
Pa
kBTS
√
t
B
(7)
where PN = kBBTS is the thermal noise power, B is
the bandwidth and TS is the system noise temperature
(physical + receiver noise) [60].
First generation prototype experiments were carried
out at Brookhaven National Laboratory [61] and the U.
of Florida [62] and were able to get within two orders
of magnitude of the KSVZ limit [10, 11]. Both of these
experiments, along with the ones listed in more detail
below, used linear amplifiers for signal power detection.
An alternative method of detecting microwave photon
employing rydberg atoms as single photon counters was
tested by the CARRACK experiment at Kyoto U. of
Japan [63].
A. The Axion Dark Matter Experiment (ADMX)
The Axion Dark Matter Experiment (ADMX) is a
large-scale haloscope that was constructed in the early
1990s at LLNL. It is comprised of a collaboration of
LLNL, U. of Washington, U. of Florida, U. of California
at Berkeley, the National Radio Astronomy Observatory
(NRAO), and the U. of Sheffield in the U.K. It consists
of an 8 Tesla superconducting solenoid magnet with a
0.5 meter diameter, 1 meter long bore. The microwave
cavity consist of a stainless steel right-circular cylinder
coated in OFHC copper and annealed which, at cryo-
genic temperatures, have loaded quality factors around
QL ∼ 105. Two metallic (or dielectric) tuning rods are
used to raise (or lower) the resonant frequency of the
cavity as it searches for the axion.
Power generated in the microwave cavity is coupled to
a cryogenic receiver chain by a coaxial antenna. A second
weakly coupled antenna is used to inject swept signals to
determine the resonant frequency of the cavity at any
particular moment. The power generated in the cavity is
then amplified by several stages of cryogenic and room-
temperature amplifiers before the signal is mixed down to
audio frequencies. Here the data is passed to a FFT spec-
trum analyzer which records the power-spectrum. Axion
6signals would show up as excess power above the noise
floor. The power generated by axions should scale as B2
giving a relatively simple discrimination to other poten-
tial external sources.
ADMX has gone through three major phases. The first
experimental runs used pumped liquid helium to cool the
system to Tphys ≈ 2K and used balanced GaAs HFET
amplifiers supplied by NRAO with noise temperatures
of TN ≈ 2K leading to a system noise temperature of
Tsys = Tphys + TN ≈ 4K [64, 65]. The next phase saw
the introduction of SQUID amplifiers, which can scale to
much lower noise temperatures than the HFETs, and can
get close to the quantum limit (defined as TQ ∼ hν/k).
An axion search was performed with SQUID amplifiers
from 2008-2010 at 2 K [66, 67]. Subsequently the exper-
imental apparatus was moved to the U. of Washington
where it is currently being upgraded to operate at much
lower physical temperatures (initially for 9-12 months
with a 3He pot at Tphys ≈ 400 mK and then with a dilu-
tion refrigerator at Tphys ≈ 100 mK). This will greatly
increase the scan rate of and allow for searches for ax-
ions at even pessimistic DFSZ coupling sensitivity. The
initial data runs will search frequency ranges from 0.5 -
2 GHz (2-8 µeV) and research is currently ongoing to in-
crease that reach to higher (and lower) frequencies with
the development of new cavity structures and amplifiers.
B. The Axion Dark Matter Experiment High
Frequency (ADMX-HF)
The Axion Dark Matter Experiment High-Frequency
(ADMX-HF) is a sister experiment to ADMX based at
Yale U. It is a collaboration of Yale U., U. of Col-
orado/JILA, UC Berkeley, U. of Florida and LLNL. It
is primarily sponsored by the National Science Founda-
tion (NSF) with additional DOE Office of Science con-
tributions through LLNL participation. The experiment
is conceptually similar to ADMX except that it has a
smaller volume (5 inch bore) but higher field (9.4 T) mag-
net. It will primarily begin to search for axions in the 4-6
GHz range (or 16-24 µeV) but likely will only be able to
reach KSVZ sensitivity given that the cavity volume is
∼ 1% that of ADMX.
V. DISCUSSION AND CONCLUSION
In this note we have briefly summarized the status of
the helioscope and haloscopes experiments in probing the
axion/ALP-photon coupling gaγ , and discussed the phe-
nomenological bounds from He-burning stars.
A summary of the results is shown in Fig. 3. The QCD
motivated region is shown as a yellow diagonal band (the
width is somewhat arbitrary [53]). The green line within
the band represents the KSVZ axion model [10, 11].
The astrophysical bound from Horizontal Branch stars
is shown by the line labeled “HB”. The excluded region
lies above the line. The blue band below it, labeled
“Cepheids”, indicates the corresponding bound from the
blue loop stage of massive stars. The width indicates
the astrophysical uncertainties, as discussed in [26], with
the values above the band being conservatively excluded.
These constraints are essentially mass-independent in the
region shown in the graph (see section II) and hence ap-
pear as horizontal lines.
For ma < 0.02 eV, the astrophysical bounds represent
a slight improvement over the CAST results, which is
currently the most powerful axion helioscope. Even more
importantly, for larger axion masses, they have no lab-
oratory analogues. It is in this region that they overlap
with the QCD-motivated band.
The low mass region explored by CAST is also of phys-
ical interest because of a few phenomenological hints
which point in the direction of axion-like particles. In
fact, the region is also being analyzed by other exper-
iments, not discussed in this note. Notably, Hess has
excluded a narrow mass region down to a coupling of
about 0.5× 10−10 GeV−1 and ALPS II plans to explore
that region further in a broader range of masses [68].
As clear from the figure, a next generation axion he-
lioscope as the proposed IAXO would have an impressive
capability of pushing the ALP-photon coupling to lower
values, while also enlarging the mass range.
IAXO is a fourth-generation axion helioscope concept,
envisioning the construction of a dedicated magnet and
reflective x-ray optics to dramatically increase its sensi-
tivity compared to the previous generation helioscopes.
Preliminary studies (see, e.g., [53]) predict that IAXO
would be able to explore the region of masses ma < 20
meV down to gaγ ' a few 10−11 GeV−1 and would shed
light on the QCD motivated region at the high-mass end
of the exclusion diagram shown. Finally, IAXO has also
the potential to serve as multi-purpose facility for generic
axion and ALP research in the next decade [22].
ADMX has probed the small coupling region to values
inaccessible to any other experiments. The new ADMX-
HF will expand considerably the mass range explorable
in the near future. These two experiments are unique
for exploring the well-motivated region of parameters in
which the QCD axion can be Dark Matter.
Acknowledgments
At Los Alamos National Laboratory, this work was
support by the Department of Energy, Office of High En-
ergy Physics, and by the LANL LDRD program. Part
of this work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore Na-
tional Laboratory under Contract DE-AC52-07NA27344
and under the auspices of the National Science Founda-
tion, under Grants No. PHY-1067242 and No. PHY-
1306729.
7(eV)axionm
-810 -710 -610 -510 -410 -310 -210 -110 1 10
)-1
(G
eV
γag
-1610
-1510
-1410
-1310
-1210
-1110
-1010
-910
-810
Ho
t D
M
Helioscopes (CAST)
IAXO
HB
KSV
Z
Ax
ion
 CD
M
WI
MP
-ax
ion
 CD
M
AD
M
X
ALPS-II
ALP
CDM
Cepheids
ADMX
prospects
Transparency
hint
Hess WD
cooling
hint
FIG. 3: Summary of results, prospects, and hints in the axion/ALP parameter space. The QCD motivated models for axions
lay in the yellow diagonal band. In orange are the regions of cosmological interest. Axions in those areas may be part of the
CDM in the universe. The region between ma = 10
−5 and 10−3 eV is often referred to as the “classic” CDM region. The
different colors indicate different Dark Matter scenarios (see caption of Fig. 1 in [53] for a full explanation). In the case of
ALPs, the CDM region is represented by the space below the dashed red line. The prospects of ADMX are shown in the hatched
brown region and the expectations of IAXO in the black hatched region. The astrophysical bounds from HB and massive stars
are labeled “HB” and “Cepheids” respectively. The low-mass region motivated by the transparency hints is above the dashed
gray line.
[1] J. Jaeckel and A. Ringwald, Ann.Rev.Nucl.Part.Sci. 60,
405 (2010), 1002.0329.
[2] K. Baker, G. Cantatore, S. Cetin, M. Davenport, K. De-
sch, et al., Annalen Phys. 525, A93 (2013), 1306.2841.
[3] S. Weinberg, Phys.Rev.Lett. 40, 223 (1978).
[4] F. Wilczek, Phys.Rev.Lett. 40, 279 (1978).
[5] R. Peccei and H. R. Quinn, Phys.Rev.Lett. 38, 1440
(1977).
[6] R. Peccei and H. R. Quinn, Phys.Rev. D16, 1791 (1977).
[7] L. Abbott and P. Sikivie, Phys.Lett. B120, 133 (1983).
[8] M. Dine and W. Fischler, Phys.Lett. B120, 137 (1983).
[9] J. Preskill, M. B. Wise, and F. Wilczek, Phys.Lett.
B120, 127 (1983).
[10] J. E. Kim, Phys.Rev.Lett. 43, 103 (1979).
[11] M. A. Shifman, A. Vainshtein, and V. I. Zakharov,
Nucl.Phys. B166, 493 (1980).
[12] M. Dine, W. Fischler, and M. Srednicki, Phys.Lett.
B104, 199 (1981).
[13] A. Zhitnitsky, Sov.J.Nucl.Phys. 31, 260 (1980).
[14] A. Ringwald, Phys.Dark Univ. 1, 116 (2012), 1210.5081.
[15] D. Horns and M. Meyer, JCAP 1202, 033 (2012),
1201.4711.
8[16] I. F. Albuquerque and A. Chou, JCAP 1008, 016 (2010),
1001.0972.
[17] A. De Angelis, G. Galanti, and M. Roncadelli, Phys.Rev.
D84, 105030 (2011), 1106.1132.
[18] M. Simet, D. Hooper, and P. D. Serpico, Phys.Rev. D77,
063001 (2008), 0712.2825.
[19] K. B. McQuinn, E. D. Skillman, J. J. Dalcanton, A. E.
Dolphin, J. Holtzman, et al., Astrophys.J. 740, 48
(2011), 1108.1405.
[20] J. Isern, S. Catalan, E. Garcia-Berro, and S. Torres,
J.Phys.Conf.Ser. 172, 012005 (2009), 0812.3043.
[21] J. Isern, L. Althaus, S. Catalan, A. Corsico, E. Garcia-
Berro, et al., pp. 158–162 (2011), 1204.3565.
[22] J. Isern, S. Catalan, E. Garcia-Berro, M. Salaris, and
S. Torres (2013), 1304.7652.
[23] N. Banik and P. Sikivie (2013), 1307.3547.
[24] K. Nakamura et al. (Particle Data Group), J.Phys.G
G37, 075021 (2010).
[25] G. G. Raffelt and D. S. Dearborn, Phys.Rev. D36, 2211
(1987).
[26] A. Friedland, M. Giannotti, and M. Wise, Phys. Rev.
Lett. 110, 061101, 061101 (2013), 1210.1271.
[27] P. Sikivie, Phys.Rev.Lett. 51, 1415 (1983).
[28] A. Heger, A. Friedland, M. Giannotti, and V. Cirigliano,
Astrophys.J. 696, 608 (2009), 0809.4703.
[29] G. Raffelt, Stars as laboratories for fundamental physics:
The astrophysics of neutrinos, axions, and other weakly
interacting particles (1996).
[30] H. Primakoff, Physical Review 81, 899 (1951).
[31] D. A. Dicus, E. W. Kolb, V. L. Teplitz, and R. V. Wag-
oner, Phys.Rev. D18, 1829 (1978).
[32] M. Fukugita, S. Watamura, and M. Yoshimura,
Phys.Rev. D26, 1840 (1982).
[33] G. G. Raffelt, Phys.Rev. D33, 897 (1986).
[34] G. G. Raffelt, Phys.Rept. 198, 1 (1990).
[35] M. Kuster, G. Raffelt, and B. Beltran, Lect.Notes Phys.
741, 1 (2008).
[36] G. Raffelt, Physics 6, 14 (2013).
[37] R. Kippenhahn and A. Weigert, Stellar Structure and
Evolution (Springer-Verlag, 1994).
[38] P. Sikivie, Phys.Rev. D32, 2988 (1985).
[39] K. van Bibber, P. McIntyre, D. Morris, and G. Raffelt,
Phys.Rev. D39, 2089 (1989).
[40] D. Lazarus, G. Smith, R. Cameron, A. Melissinos, G. Ru-
oso, et al., Phys.Rev.Lett. 69, 2333 (1992).
[41] S. Moriyama, M. Minowa, T. Namba, Y. Inoue,
Y. Takasu, et al., Phys.Lett. B434, 147 (1998), hep-
ex/9805026.
[42] Y. Inoue, T. Namba, S. Moriyama, M. Minowa,
Y. Takasu, et al., Phys.Lett. B536, 18 (2002), astro-
ph/0204388.
[43] Y. Inoue, Y. Akimoto, R. Ohta, T. Mizumoto, A. Ya-
mamoto, et al., Phys.Lett. B668, 93 (2008), 0806.2230.
[44] K. Zioutas, C. Aalseth, D. Abriola, I. Avignone, F.T.,
R. Brodzinski, et al., Nucl.Instrum.Meth. A425, 480
(1999), astro-ph/9801176.
[45] M. Kuster, H. Brauninger, S. Cebrian, M. Davenport,
C. Elefteriadis, et al., New J.Phys. 9, 169 (2007),
physics/0702188.
[46] K. Zioutas et al. (CAST Collaboration), Phys.Rev.Lett.
94, 121301 (2005), hep-ex/0411033.
[47] S. Andriamonje et al. (CAST Collaboration), JCAP
0704, 010 (2007), hep-ex/0702006.
[48] E. Arik et al. (CAST Collaboration), JCAP 0902, 008
(2009), 0810.4482.
[49] S. Aune et al. (CAST Collaboration), Phys.Rev.Lett.
107, 261302 (2011), 1106.3919.
[50] M. Arik, S. Aune, K. Barth, A. Belov, S. Borghi, et al.
(2013), 1307.1985.
[51] K. Barth, A. Belov, B. Beltran, H. Bruninger, J. Car-
mona, et al., JCAP 1305, 010 (2013), 1302.6283.
[52] I. Irastorza, F. Avignone, S. Caspi, J. Carmona, T. Dafni,
et al., JCAP 1106, 013 (2011), 1103.5334.
[53] I. G. Irastorza, Tech. Rep. CERN-SPSC-2013-022. SPSC-
I-242, CERN, Geneva (2013).
[54] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Re-
dondo, et al., JCAP 1206, 013 (2012), 1201.5902.
[55] H. Baer, A. Lessa, S. Rajagopalan, and W. Sreethawong,
JCAP 1106, 031 (2011), 1103.5413.
[56] P. Brax and K. Zioutas, Phys.Rev. D82, 043007 (2010),
1004.1846.
[57] J. P. Conlon and M. C. D. Marsh (2013), 1304.1804.
[58] M. Betz and F. Caspers, Conf.Proc. C1205201, 3320
(2012), 1207.3275.
[59] T. Hiramatsu, M. Kawasaki, K. Saikawa, and
T. Sekiguchi, Phys.Rev. D85, 105020 (2012), 1202.5851.
[60] R. Dicke, Rev.of.Sci.Instr. 17, 268 (1946).
[61] S. DePanfilis et al., Phys.Rev.Lett. 59, 839 (1987).
[62] C. Hagmann, P. Sikivie, N. Sullivan, and D. Tanner,
Phys.Rev.D. 42, 1297 (1990).
[63] M. Tada et al., Phys.Lett.A 349, 488 (2006).
[64] R. Bradley et al., Rev.of.Mod.Phys. 75, 777 (2003).
[65] S. Asztalos et al., Phys.Rev.D 69, 011101(5) (2004).
[66] S. Asztalos et al., Phys.Rev.Lett 104, 041301(4) (2010).
[67] S. Asztalos et al., NIM A 656, 39 (2011).
[68] K. Baker, A. Lindner, A. Upadhye, and K. Zioutas
(2012), 1201.0079.
